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INTRODUCTION
Trace elements are natural constituents of the earth's crust; all bedrock and sedimentary deposits contain some levels of trace elements. Human activities such as mining, ore smelting, industrial processes, fossil-fuel combustion, and many other activities, may greatly augment trace element concentrations in the environment. Streambed sediments can be a useful medium for trace element analyses. Many trace elements strongly sorb to sediment particles. Streambed sediments can accumulate chemicals over time, and may be useful archives of past contamination. If significant trace element contamination is introduced to a stream-either transiently or continuously-streambed sediments should accumulate some portion of the elements through chemical and physical sorption processes. Processes that affect the fate of sediment-bound trace elements in rivers include sedimentation, burial of sediments in depositional areas (especially lakes and reservoirs), resuspension (especially during high flow events), desorption, and biological uptake.
Urban development in the St. Croix River Basin and the effects of potentially toxic contaminants and sediment from urban runoff have been identified as major issues in the basin by the St. Croix Basin Planning Team (Holmberg and others, 1997) . Previous studies have found elevated concentrations of selected trace elements in the St. Croix River Basin. For example, fish-consumption advisories are established by Minnesota and Wisconsin because of potentially toxic levels of mercury in fish taken from the St. Croix River. A study by indicated that the higher concentrations of trace elements in mussel shells in the lower reaches of the St. Croix River Basin, compared to upstream reaches, corresponded to slower growth rates and sizes for those organisms. also compiled and analyzed existing waterquality and biological information from the Lower St. Croix National Scenic Riverway, finding concentrations of Cd, Cu, Fe, Mn, and Hg (element symbols are defined in the Methods section) in the water generally were greater in the lower reaches of the St. Croix River relative to the upstream reaches.
A better understanding of variability in trace element concentrations across the St. Croix River Basin, and links to anthropogenic sources could help water-resource managers understand threats to ecosystem health, which include the potential for toxicity to aquatic organisms, including endangered species. The U.S. Geological Survey (USGS), in cooperation with the National Park Service, undertook this study to better understand trace element levels and sources in the St. Croix River Basin.
PURPOSE AND SCOPE
The purpose of this report is to present the results of elemental chemical analyses of streambed sediment collected during June 19-August 3, 2000 at 30 stream sites in the St. Croix River Basin. Sites upstream and downstream of the larger cities in the basin were sampled to assess potential anthropogenic contributions of trace elements to the St. Croix Riverway. Concentrations of selected trace elements are compared to sediment-quality criteria and guidelines, providing an indication of potential toxicity concerns, which has implications for water-resource quality in the St. Croix River Basin.
PREVIOUS INVESTIGATIONS
Naturally occurring minerals in the St. Croix River Basin are one source of trace elements. Aluminosilicate minerals contain trace levels of many elements. Bedrock in the northeastern portion of the basin and in the Lake Superior Basin, where glacial sedimentary deposits in the St. Croix River Basin originate, is enriched with native copper (Nicholson and others, 1992) .
In the absence of anthropogenic inputs of elements, it would be expected that the elemental composition of sediments reflects the composition of the parent geologic material (mineral phase), as modified by weathering and physicochemical reactions, such as dissolution, and precipitation. Some trace elements, such as mercury, typically have exceedingly low concentrations in the mineral phase (Smith, 1990) ; however, atmospheric transport and deposition from remote natural sources (volcanoes, and mercury volatilization from the oceans) have resulted in elevated concentrations of mercury in pre-industrial strata of lake sediments relative to local geologic sources (Brigham, 1992) . The same processes probably contributed to elevated mercury concentrations in surficial soils and organic-enriched streambed sediments in the St. Croix River Basin, even prior to human settlement.
Humans have affected aquatic trace element cycling through direct discharges into streams and atmospheric emissions, which are deposited at varying distances from the source. Nriagu and Pacyna (1988) reported that human activities result in substantial inputs to the environment of Sb, As, Cd, Cr, Cu, Pb, Hg, Mn, Ni, Se, Sn, V, and Zn (element symbols defined in Methods section). Fossil fuel combustion, incineration of municipal and hospital wastes, metal smelting, and other emissions of metals have resulted in widespread releases of numerous elements into the atmosphere. Lead has been widely used as a gasoline additive, although it is no longer used in the United States. Industrial point-source inputs of trace elements to streams have been substantially reduced in recent decades in the United States (see, for example, Anderson and Perry, 1999) . Acid mine drainage, and other mining-associated releases, continue to affect streams in certain localities, though with very few instances in the Upper Midwestern states. With reductions in direct discharges into streams, increased attention has focused on non-point sources, such as emissions to the atmosphere.
Proximity to anthropogenic sources has a substantially effect on trace element concentrations in streambed and lake sediments (Iskander and Keeny, 1974; Kroening and others, 2000; Rice, 1999; Verta and others, 1989 ). Particulate or highly particle-reactive forms of elements tend to be transported relatively short distances before they are deposited (Klein and Russel, 1973; Nriagu and others, 1998) . In contrast, gaseous species, such as elemental mercury, can become widely distributed in the atmosphere (Fitzgerald and others, 1998) .
Numerous studies point to the wide scale, combined loads of anthropogenic sources of trace elements to the aquatic environment. Sediment cores from lakes distant from pointsource contamination have been used to assess changes in atmospheric deposition of trace metals over the past 150-200 years (pre-industrial to near present). Pronounced up-core (from preindustrial to recent sediment strata) increases in mercury concentrations have frequently been reported (Engstrom and Swain, 1997; Meili, 1991; Swain and others, 1992; Verta and others, 1989) . Other elements that often are enriched in more recent, near-surface lake sediments include Cd, Cu, Pb, and Zn (El-Daoushy, 1986; Iskander and Keeny, 1974; Kemp and others, 1978; Nriagu and others, 1979; Verta and others, 1989) . Kroening and others (2000) determined that streambed sediments in urban areas in the Upper Mississippi River Basin generally had higher levels of Sb, As, Cd, Cu, Pb, Hg, Ni, and Zn than non-urban areas. This reflects a national pattern of greater trace element concentrations (Cd, Hg, Cu, Pb, Zn, and to a lesser extent, Cr and Ni) in streambed sediments from urban compared to non-urban streams (Rice, 1999) . Urban areas may include numerous sources of trace element emissions to the atmosphere, some portion of which fallout locally, the remainder being transported and deposited regionally or globally. Urban runoff and point discharges also may contribute trace elements to streams. Kroening and others (2000) Although the water quality generally is considered to be good in the upper St. Croix and Namekagon Rivers, activities in the tributaries and their watersheds are affecting the overall health of the St. Croix Scenic Riverway (Troelstrup and others, 1993 Shelton and Capel (1994) . Samples were collected at 9 sites on the St. Croix River, 3 sites on the Namekagon River, and 18 sites on other tributaries. For tributary streams, typically two sites were sampled-one upstream and one downstream of a city. Samples were collected during June 19-August 3, 2000 during low-flow conditions.
At each wadeable site, samples were collected and composited from 5-10 depositional zones where finegrained sediments accumulate during low flow. At each depositional zone, several samples of the upper 2-5 cm of streambed sediment were scooped by hand with a 5-cm diameter Teflon tube, and placed into a Teflon bowl for compositing. At deeper, nonwadeable sites, a large (23 x 23 cm) stainless steel Ekman dredge (Wildlife Supply Co.) was deployed from a canoe to retrieve streambed sediment. Surficial streambed sediments were sampled from the dredge using a Teflon tube, taking care to avoid sampling material that was within 1 cm of the walls of the dredge.
Each sample was thoroughly stirred. A portion of each sample was sieved using a new, acid-cleaned 63-µm (micrometer) Nylon mesh sieve (Gilson Co.) held in an acrylic sieve frame (Gilson Co.), using less than 250 mL (milliliters) of native water (stream water taken from the sampling site) to aid in sieving. After settling, supernatant water was decanted, and samples were transferred to clean paper containers suitable for soil and sediment trace element samples (Star Paper Tube, Inc., Salt Lake City, Utah), oven-dried at 50°C, and shipped for laboratory analysis. Both sieved and unsieved sediments were retained for archive purposes. Fenneman, 1938; Hobbs and Goebel, 1982; Olcott, 1992 . 
LABORATORY ANALYSIS
ELEMENTAL CHEMISTRY OF STREAMBED SEDIMENTS
Aluminosilicate minerals are key components of fine (clay and siltsized) inorganic sediments. These minerals are largely composed of lithophil elements (after Goldschmidt's classification of the elements, Goldschmidt, 1954; Sposito, 1989 The strong, positive correlations of Na and Sr with Al content in the St. Croix River Basin are in contrast to the Red River of the North Basin (RRB), for which Na showed no significant relation to Al, and Sr was negatively correlated with Al (Brigham and others, 1998) . These two lithophil elements were considered indicative of evaporite minerals in the RRB, but are more likely to be associated with aluminosilicates in the St. Croix River Basin, due to their Table 2 . Elements analyzed, NWIS code, detectable ranges (by method), and summary of field-replicate-sample analyses, St. Croix River Basin, 2000 [Concentrations in micrograms per gram dry sediment, unless listed as % (percent, by mass, of dry sediment). A. ICP-AES (inductively coupled plasma-atomic emission spectroscopy, following sample digestion using hydrochloric, nitric, perchloric, and hydrofluoric acids at low temperature. (Carbon is analyzed by separate methods, as described in Appendix 1.) B. ICP-AES, following digestion using hydrochloric acid and hydrogen peroxide digestion, then extraction with diisobutyl ketone). C. Atomic absorption spectroscopy (for mercury, follows digestion and reduction to elemental mercury; for arsenic and selenium, follows hydride generation). Where analytes were determined by multiple methods, the preferred method (indicating data used for data analysis herein) is indicated by boldface. NWIS, U.S. Geological Survey National Water Information System data base; N>LOQ, number of pairs of replicate samples, where the sample concentration exceeds the limit of quantitation (five times the lower reporting limit); RPD, absolute value of the relative percent difference, calculated only for replicate pairs for which the sample concentration exceeded the limit of quantitation; >=, greater than or equal to; --, not [Concentrations in micrograms per gram dry sediment, unless listed as % (percent, by mass, of dry sediment). A. ICP-AES (inductively coupled plasma-atomic emission spectroscopy, following sample digestion using hydrochloric, nitric, perchloric, and hydrofluoric acids at low temperature. (Carbon is analyzed by separate methods, as described in Appendix 1.) B. ICP-AES, following digestion using hydrochloric acid and hydrogen peroxide digestion, then extraction with diisobutyl ketone). C. Atomic absorption spectroscopy (for mercury, follows digestion and reduction to elemental mercury; for arsenic and selenium, follows hydride generation). Where analytes were determined by multiple methods, the preferred method (indicating data used for data analysis herein) is indicated by boldface. NWIS, U.S. Geological Survey National Water Information System data base; N>LOQ, number of pairs of replicate samples, where the sample concentration exceeds the limit of quantitation (five times the lower reporting limit); RPD, absolute value of the relative percent difference, calculated only for replicate pairs for which the sample concentration exceeded the limit of quantitation; >=, greater than or equal to; --, not (Goldschmidt, 1954) , and tend to associate with sulfide mineral phases in comparison to lithophils, which associate with silicates. Co and Ni also are siderphils (iron loving) and lithophils. Depending on temperature and oxidation state during rock formation, these two elements may associate with sulfides, iron ores, or silicate materials. Furthermore, processes such as sulfide inclusion, isomorphic substitution, and adsorption to mineral surfaces may result in their association of chalcophil or siderophil elements with aluminosilicate minerals (Sposito, 1989) .
Organic carbon dilutes Al content, as indicated by its strong negative correlation with Al ( fig. 2; table 3 ). Se and Ag correlate negatively with Al content, which suggests that the source of Se and Ag is not aluminosilicates. Also, Se and Ag were the only two elements that correlated positively with organic carbon (r= 0.66 and 0.50, respectively), which suggests that these elements are enriched in surficial soils and sediments, possibly due to atmospheric deposition from industrial emissions. Anthropogenic emissions to the atmosphere of Se (Nriagu and Pacyna, 1988) and Ag (Agency for Toxic Substances and Disease Registry, 1990, chapter 5) are known to occur, which supports the hypothesis that concentrations of these elements are enhanced at the earth's surface, relative to deeper, organic-carbon-poor sediments. Given this hypothesis, it is surprising that other atmospherically transported elements, such as Pb and Hg, did not correlate significantly with organic carbon.
Cr and V (lithophils) and Fe (a siderophil; Goldschmidt, 1954) had no significant relation to Al content in St. Croix River Basin streambed sediments, but strongly correlated to Al content in RRB sediments (for V, this correlation was strong when samples from areas of the RRB with Cretaceous marine shales were excluded) (Brigham and others, 1998) . One possible explanation for the lack of correlation of Cr, Fe, and V to Al content is that the St. Croix River Basin is overlain by mixed glacial deposits from two distinct glacial lobes (calcareous Des Moines Lobe and siliceous Superior Lobe sediments), whereas the RRB is predominantly overlain by deposits from one glacial lobe (Des Moines Lobe).
Other elements that do not correlate (r[Al] <0.35) with Al content are As, Cd, Ca, Cu, Au, Pb, Mn, Hg, Mo, P, and carbonate carbon. Strong correlations between As and concentrations of Fe, Mn, and P were observed. The strong correlation of As (a siderophil/chalcophil element; Goldschmidt, 1954) with Fe suggests a geologic source of As. Concentrations of As, Cd, Cu, Pb, and Hg may be slightly elevated in the St. Croix River Basin due to anthropogenic sources because of poor correlation with elements indicative of almuminosilicates.
IMPLICATIONS FOR SOURCES OF TRACE ELEMENTS
Many of the trace elements in streambed sediment appear to be closely associated with parent mineral sources, with possible low-level anthropogenic contributions of several elements at some sites. In comparison to streams draining highly urbanized parts of the Minneapolis-St. Paul metropolitan area (Kroening and others, 2000) , and compared to other highly urbanized stream basins across the Nation (Callender and Rice, 2000; Rice, 1999) , streams in the St. Croix River Basin generally had low levels of the trace elements that are commonly elevated from anthropogenic sources (Cd, Cr, Cu, Pb, Hg, Ni, and Zn) . Emission of trace elements to the atmosphere, and subsequent transport and deposition, contribute low levels of several elements to relatively pristine areas (see Previous Investigations section).
In five cases, there were higher concentrations of selected trace elements at a site downstream of a city or urban area, compared to a site on the same stream, upstream of the urban area. These cases are discussed below ( fig. 3; table 4 ). There does not appear to be large anthropogenic contributions of trace elements-above the background geochemical and atmospherically deposited levels-in the streams sampled for this study. There is no basinwide pattern of increased trace element concentrations downstream of urban areas. Possible causes of elevated trace element concentrations are speculative. Rigorous determination of specific sources was beyond the scope of this study.
Namekagon River upstream and downstream of Hayward, Wisconsin
As, Pb, and Ag concentrations were substantially higher in the Namekagon River downstream of Hayward, Wisconsin (site 3) than upstream (site 2). In addition, Cd, Cu, and Hg concentrations were slightly higher downstream. Site 3 had high concentrations of As, Cr, Cu, Pb, and Se compared to most other sites in the basin, and had the maximum concentrations of Ag and V. The Ag concentration at site 3 is twice as high as the next highest Ag concentration. This elevation in trace element concentrations may result from anthropogenic sources in the Hayward area. Concentrations of As, Cr, and Cu were moderately higher at site 3 than at most other sites. Several tributary sites in northwestern Wisconsin had comparable concentrations of Cr. The co-occurrence of relatively high concentrations of As, Cr, and Cu suggests the possibility of contamination from chromated copper arsenate, a preservative for green-treated lumber. This type of wood is commonly used for small boat docks and yard landscape projects. Also, field notes from this sampling site indicated presence of woody debris, including sawn wood, on the stream bottom. However, the evidence for contamination from chromated copper arsenate is not overwhelming.
The V concentrations is somewhat elevated downstream of Hayward compared to other sites, which could indicate inputs from particulate emissions from the combustion of petroleum. Another potential source of trace elements to site 3 is the use of fly-ash cinders to seal cracks in stoplogs in the Hayward dam. Although some fly ashes have high trace element concentrations compared to typical uncontaminated sediments, metal concentrations for the fly ash used in the Hayward dam 1 generally are lower than those determined in streambed sediments. The trace element concentrations at site 3 are not so highly elevated that one cannot rule out the possibility that these concentrations simply reflect natural differences in sediment composition in the upper Namekagon River, compared to the rest of the St. Croix River Basin.
St. Croix River upstream and downstream of Stillwater, Minnesota-Hudson, Wisconsin
The Pb concentration increased by nearly a factor of two from the St. Croix River at Stillwater, Minnesota (site 25) to Lakeland Shores, Minnesota (site 26). Elevated Pb concentrations at site 26 could be attributed to past use of leaded gasoline additives because site 26 is most prone to the effects of urbanization and automobile traffic (it is downstream of the Stillwater, Minnesota-Hudson, Wisconsin area, and approximately 0.5 km downstream of Interstate Highway 94). Pb concentrations decrease at the next two downstream sites on the St. Croix River.
Kettle River upstream and downstream of Sandstone-Hinckley, Minnesota
Concentrations of all of the elements shown in figure 3 were modestly higher at the downstream site on the Kettle River (site 9) than the upstream site (site 8), despite nearly identical concentrations of Al, carbonate carbon, and organic carbon at these two sites. Anthropogenic influences from Sandstone and Hinckley may account for the elevation in trace element concentrations.
Rush Creek upstream and downstream of Rush City, Minnesota
The Hg concentration downstream of Rush City (site 15) was nearly 5 times higher than at the upstream site (site 14), and was the highest Hg concentration determined in this study. No other trace element concentrations appeared to be anomalous at site 15, indicating that the source of elevated Hg was specific to that element. Given that the Hg concentration at this site was substantially higher than at all other sites in the basin, it is likely that there is a local source of Hg to Rush Creek, in addition to the lower-level atmospheric deposition of Hg that occurs in midcontinental North America (Swain and others, 1992) . Possible sources of Hg include outflow from wastewater treatment facilities, leakage from landfills, or other industrial or waste disposal operations.
Osceola Creek upstream and downstream of Osceola, Wisconsin
Concentrations of Cu and Pb, and to a lesser extent Cd, As, Ni, and V were substantially higher downstream of Osceola, Wisconsin (site 22) than upstream (site 21). It is possible that concentrations at site 22 reflect anthropogenic sources of these elements from runoff from Osceola, Wisconsin. However, it also is likely that the upstream-downstream differences in concentrations of Cu, Pb, and Cd may be attributable to the geologic setting of the sites. Downstream of Osceola, Osceola Creek bisects a dolomitic sandstone, which may strongly influence the sediment chemistry. The concentration of carbonate carbon (a component of dolomite) was high at site 22 (0.81 percent), compared to site 21 (0.10 percent). Trace substitution of Cu and Pb into the carbonate mineral matrix, or cooccurrence of Cu-and Pb-containing minerals, is a possible explanation for the inter-site differences observed.
IMPLICATIONS FOR WATER-RESOURCE QUALITY
Numerous studies have assessed the effects of potentially toxic sediment-bound trace elements on aquatic biota. From these studies, various reference values or guidelines have been published, and are useful for comparison purposes, and to indicate potential areas of concern.
The Canadian Council of Ministers of the Environment (1995 Environment ( , 1999 have developed Interim Sediment Quality Guidelines (ISQGs) and Probable Effect Levels (PELs) for several elements. ISQGs are concentrations below which toxic effects are infrequently observed, and are intentionally set low, to be protective for a broad range of Canadian waters (Canadian Council of Mininsters of the Environment, 1995). In contrast, the PEL is defined as the level (concentration) above which adverse effects are predicted to occur frequently, and is higher than the ISQGs. Because site-specific sediment properties are known to influence toxicity, these guidelines are not absolute indications of toxicity, but are useful for comparison to measured concentrations. As new toxicity data are gathered, ISQGs will be replaced by Sediment Quality Guidelines (SQGs) when the data substantiate establishment of more permanent guidelines.
Based on an extensive literature review, Long and others (1995) 
SUMMARY
This study examined trace element concentrations in streambed sediment samples collected in the St. Croix River Basin during June 19-August 3, 2000. Streambed sediments were sampled at 30 sites in the St. Croix River Basin, sieved to <63 micrometers, and analyzed for a suite of chemical elements. Possible occurrences of low-level trace element concentrations that could be attributed to anthropogenic sources include: (1) elevated concentrations of As, Pb, Ag, and to a lesser extent Cd, Cu, and Hg in the Namekagon River downstream of Hayward, Wisconsin; (2) elevated Pb concentrations in the St. Croix River downstream of the Stillwater-Hudson, Wisconsin region; (3) slightly elevated concentrations of As, Cd, Cu, Pb, Hg, Ag, V, and Zn in the Kettle River downstream of Sandstone-Hinckley, Minnesota; and (4) substantially elevated Hg concentrations in Rush Creek downstream of Rush City, Minnesota. Elevated concentrations of Cu, Pb, and to a lesser extent Cd, in Osceola Creek, downstream of Osceola, Wisconsin may be due to anthropogenic sources or contributions from bedrock that differs geochemically from sediments farther upstream. There does not appear to be large anthropogenic contributions of trace elements-above the background geochemical and atmospherically deposited concentrations-in the streams sampled for this study, nor is there a basinwide pattern of increased trace element concentrations downstream of urban areas. Many trace elements appear to be associated with parent mineral sources, with possible low-level anthropogenic contributions of several elements at some sites.
To assess implications for resource quality, several sets of reference values or sediment-quality guidelines were used for comparison. These include the Interim Sediment Quality Guidelines (ISQG) and Probable Effects Level (PEL); the Effects Range-Low and Effects Range-Median (ERM); and the concensus-based Probable-Effects Concentration (PEC). ISQGs and PELs are concentrations below which toxic effects are rarely observed. Concentrations frequently exceeded these low reference values. All elements for which an ISQG exists exceeded the ISQG at one or more sites, and all elements for which an ERL exists, except Cd and Cr exceeded the ERL at one or more sites.
Concentrations exceeding PEL, ERM, or PEC values have been associated with frequent adverse effects in aquatic biota. Concentrations of potentially toxic trace elements in the St. Croix River Basin generally were lower than PEL values and always lower than ERM values. Exceptions were As, which exceeded its PEL in 7 of 30 samples, and Hg, which exceeded its PEL in only 1 sample. Only one concentration exceeded a PEC: the As concentration at the North Branch Sunrise River site (33.4 µg/g) was slightly higher than the PEC for As (33 µg/g). Method 1. Forty-element ICP-AES. Forty major, minor, and trace elements are determined in geological materials by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The sample is decomposed using a mixture of hydrochloric, nitric, perchloric, and hydrofluoric acids at low temperature. The digested sample is aspirated into the ICP-AES discharge where the elemental emission signal is measured simultaneously for the 40 elements. Calibration is performed by standardizing with digested rock reference materials and a series of multi-element solution standards. Data are deemed acceptable if recovery for all 40 elements is ±15% at five times the Lower Limit of Determination (LOD) and the calculated Relative Standard Deviation (RSD) of duplicate samples is no greater than 15%. Method 2. Low-level ICP analysis of 10 elements, following digestion and extraction. A widely used extraction technique (Aliquat/MIBK) has been modified and adapted for use with inductively coupled plasmaatomic emission spectrometry for the analysis of geologic materials. Hydrochloric acid-hydrogen peroxide solubilizes metals that are not tightly bound in the silicate lattice of rocks, soils, and stream sediments. The metals are extracted by a 10% Aliquat-336/diisobutyl ketone solution as organic halides. The separated organic phase is pneumatically aspirated into a multichannel ICP instrument where the concentrations of the extracted metals (Ag, As, Au, Bi, Cd, Cu, Mo, Pb, Sb, and Zn) are determined simultaneously. It is important to note that this procedure is a partial digestion, and depending on an element's availability, results may be biased low when compared to other methods of analyses.
APPENDIX
Depending on the type of sample, there may be a significant discrepancy between the proposed value and the laboratory value. This is primarily due to the availability of the metal in the sample. Since this is a partial digestion, those metals tightly bound in highly resistant minerals will not be extracted. Data will be deemed acceptable if recovery for all 10 elements is ±20% on spikes at five times the LOD and the calculated percent RSD of duplicate samples is no greater than 15%.
Method 3a. Total Carbon. Total carbon in geologic materials is determined by the use of an automated carbon analyzer. A weighed sample is combusted in an oxygen atmosphere at 1370°C to oxidize carbon to carbon dioxide. Moisture and dust are removed and the carbon dioxide gas is measured by a solid state infrared detector. The operating range for total carbon is from 0.05% to about 30%. Data will be deemed acceptable if recovery of total carbon is ±15% at five times the LOD and the calculated percent RSD of duplicate samples is no greater the 15%.
Method 3b. Carbonate Carbon. Carbonate carbon in geologic materials is determined as carbon dioxide by coulometric titration. The sample is treated with hot 2N perchloric acid and the evolved carbon dioxide is passed into a cell containing a solution of monoethanolamine. The carbon dioxide, quantitatively absorbed by the monoethanolamine, is coulometrically titrated using platinum and silver/potassium-iodide electrodes. The lower reporting limit is 0.01% carbon dioxide and samples containing up to 50% carbon dioxide may be analyzed. Sample size is adjusted from 0.5 g for the range 0.01-5% carbon dioxide, 0.1 g for the range 5-10% carbon dioxide, and 0.02 g for greater than 10% carbon dioxide. Data will be deemed acceptable if recovery for carbonate carbon is ±15% at five times the lower LOD and the calculated percent RSD of duplicate samples is no greater than 15%.
Method 8. Mercury. Mercury is determined by weighing out 0.1 g of sample and digesting with a mixture of sulfuric acid, nitric acid, 5% potassium permanganate, and 5% potassium peroxydisulfate in a water bath for one hour. The excess of potassium permanganate is reduced with hydroxylamine sulfate solution and then Hg (II) is reduced with stannous chloride. The Hg vapor is separated and measured using a LEEMAN PS200 automated mercury analyzer. The method offers a lower reporting limit of 0.02 ppm mercury in solid-phase samples. Samples exceeding the working range of 0.02-1.8 ppm mercury require dilution. Data will be deemed acceptable if recovery of mercury is ±20% at five times the LOD and the calculated percent RSD of duplicate samples is no greater than 20%.
Method 9. Arsenic (other elements not determined for this study, using this method). Arsenic, antimony, and thallium are determined by weighing 0.1 g of sample into a zirconium crucible. Approximately 0.75 g of sodium peroxide is added and mixed. The mixture is heated in a muffle furnace set at 750°C for four minutes. The sample is cooled then 15 mL of water and 5 ml of concentrated HCl is added. The mixture is shaken and 0.25 mL of an ascorbic acid KI solution is added, then diluted with 20% HCl and let to stand overnight. Arsenic and selenium are then mea-sured using hydride generation atomic absorption spectrometry.
The optimum concentration ranges without sample dilution for these elements in various solid phase sample media are: As-0.6 ppm-20 ppm, and Sb-0.6 ppm -20 ppm. Data will be deemed acceptable if recovery of As and Sb is ±20% at five times the LOD and the calculated percent RSD of duplicate samples is no greater than 20%.
Method 10. Selenium. Selenium is determined by weighing 0.25 g of sample into a test tube, adding a mixture of nitric, hydrofluoric and perchloric acids and heating. After the solution is cooled hydrochloric and nitric acid are added, heated again and cooled. The samples are diluted and analyzed using hydride generation atomic absorption spectrometry. Data for selenium will be deemed acceptable if recovery of that element is ±20% at five times the LOD and the calculated percent RSD of duplicate samples is no greater than 20%.
